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Shape of epithelial cells and intercellular channels in the rabbit
proximal nephron. In electron micrographs of proximal convoluted
(PCT) and proximal straight tubules (PST), epithelial height was
divided into five zones of equal thickness. Morphometric tech-
niques were used to calculate surface area of cell wall bordering
intercellular channels in each zone. Surface concentration of total
lateral cell surface is 3.85 i2/3 of PCT and 2.90 ji2/t3 ofPST. For
tubules normalized to outer diameter = 40 and inner diameter =
25k, total lateral area is 29 X l0 t2/mm of PCT and 22 X l0
M2/mm of PST. Zone 5 adjacent to basement membrane has similar
area ( 17 X lO s2/mm) and fine structure in PCT and PST.
However, the luminal four-fifths of the two cells differ markedly.
Lateral area in PCT zones 1 through 4 increases approximately
exponentially (from 1.1 >< l0 to 6.4 X l0 l2/mm) and constitutes
44% of total area. Respective areas in PST increase at a rate greater
than exponential (from 0.7 X l0 to 2.6 X l0 p2/mm) but consti-
tute only 23% of total. From these data and the estimated number
of cells per millimeter of tubule (825), circumferences of in,ividual
cells were estimated and quantitative three-dimensional cell models
were constructed. The shape of intercellular channels is similar to
that of the space between concentric, truncated and pleated horns.
Forme des cellules épithéliales et des canaux intercellulaires dans
le tube proximal du lapin. La hauteur des cellules épithéliales de
tubes contournés proximaux (PCT) et de pars recta (PST) a été
divisée en cinq zones d'egale épaisseur sur les images de micro-
scopic electronique. Les techniques morphométriques ont été utili-
sees pour calculer Ia surface de le paroi cellulaire qui borde Ic canal
intercellulaire dans chaque zOne. La surface totale de Ia paroi
cellulaire latérale est de 3,85i2/s3 PCT et de 2,90 s2/3 PST. Pour
les tubules normalisés a un diamètre extérieur de 40/i et a un
diamètre interieur de 25i cette surface est de 29 X l02/mm PCT
et 22 X l02/mm PST. La zone 5, adjacent a Ia membrane basale a
une surface (l7 X l0z2/mm) et une structure histotogique sim-
ilaire dans PCT et PST. Cependant, les 4/5 luminaux des deux
typcs de cellules sont nettement différents. Les surfaces laterales
dans les zones I a 4 de PCT augmentent de facon approxima-
tivement exponentielle (de 1,1 X lO a 6,4 X l0z2/mm) et consti-
tuent 44% de Ia surface totale. Ces mêmes surfaces augmentent,
dans PST, plus qu'exponentiellement (de 0,7 X l0 a 2,6 X l02/
mm) mais ne constituent que 23% de Ia surface totale. A partir de
ces résultats et de l'éstimation du nombre de cellules par mm de
tubule (825) Ic périmètre de chaque type de cellule a été évalué et
des modèles cellulaires quantitatifs tri-dimensionnels out été con-
struits. La forme des canaux intercellulaires est sembable a l'espace
limité par des structures en forme de comes concentriques, tron-
quées et plissées.
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The epithelial cells of the mammalian renal prox-
imal tubule are characterized by a prominent brush
border and by a complex array of thin intercellular
channels delineated by the lateral walls of adjacent
cells [1-5]. The complex arrangement of the channels
is thought to reflect a marked degree of lateral cellu-
lar interdigitation and has been the basis for qual-
itative models of cell shape. For example, several
authors have described tubule cells in terms of
primary cellular ridges extending radially from lu-
minal surface to cell base. The ridges subdivide into
apical and basal lateral processes and the latter divide
further to produce basal villi. This general shape has
been confirmed by freeze etching [6] and scanning
electron microscopic techniques [7,8] and has been
shown to good advantage in qualitative three-dimen-
sional drawings [3,5,9].
The specialized architecture of proximal tubule
cells has long been recognized as a feature common
to epithelia capable of high rates of fluid transport
[101. Thus, it has been suggested that the brush bor-
der and lateral cellular interdigitation, by increasing
apical and lateral cell surface areas, exist to facillitate
the movement of large fluid volumes. This concept is
of particular interest in light of currently accepted
transport models in which a major portion of the
absorbed fluid volume traverses the epithelium by
passing first into the cytoplasm and then into the
intercellular channels. In such a flow pathway the
apical and lateral cell walls would act as series resis-
tors to water movement and the dynamics of flow
would depend to some extent on the relative surface
areas and hydraulic conductivities of the two mem-
branes. In a recent study of rabbit proximal tubule
cells [11], we have shown that these two surfaces are
identical in area. Yet to be considered is the geometry
of the intercellular channel itself. Because flow dy-
namics in the intercellular channel theoretically de-
pend heavily upon the dimensions and shape of the
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channel, a quantitative three-dimensional model of
the epithelial cell, and thus also of the intercellular
channel, is an important prerequisite to further study
of transepithelial transport processes. In the present
studies a morphometric technique is used to develop
such a quantitative anatomic model. So that the re-
sults might be correlated with data regarding cell
function, the rabbit proximal tubule is examined after
isolation and perfusion under conditions employed
frequently by renal physiologists.
Methods
Female New Zealand white rabbits weighing 1 to 2
kg were anesthetized with sodium pentobarbital, 65
mg/kg i.v. Thin transverse slices were obtained rap-
idly from the left kidney and were immersed in chilled
rabbit serum (RS) (Microbiological Associates, Inc.,
Bethesda, Md). Using techniques described pre-
viously [12], 1- to 2-mm segments of proximal tubule
were dissected, transferred to a thermostatically con-
trolled chamber on the stage of an inverted micro-
scope and perfused by means of fine glass pipets.
Proximal convoluted tubules (PCT) were obtained
from the midcortical zone. Proximal straight tubules
(PST) were obtained from the juxtamedullary zone
and were representative of the middle portion of that
segment, i.e., the earlier, less straight region and the
latter region of transition to thin limb were excluded.
The bathing solution in the microscope chanber was
either rabbit serum (RS) or an isotonic standard me-
dium (SM) containing 115mM NaCl, 25 mt KC1, 25
mM NaHCO3, 10 m Na acetate, 1.2 mivi NaH2PO4,
1.2 mrvt MgSO4, 1.0 mrvi CaCI, 5.5 mvi dextrose and
5% rabbit serum. All solutions were equilibrated with
95% 02—5% CO2. After establishment of adequate
tubule perfusion, the distal end of the tubule segment
was crimped and occluded in the tip of a distal pipet
and transtubular hydrostatic pressure was set at 10 or
20 cm H20 by adjusting the height of a fluid reservoir
attached to the perfusion pipet [13]. The bath tem-
perature then was increased to 37°C and the tubule
accepted for further study only if the epithelial layer
was intact throughout, the lumen widely patent and
the brush border distinct at a magnification of X600.
Tissue preparation. After the tubule had been oc-
cluded distally and perfused for several minutes at
37°C and at the desired transtubular hydrostatic
pressure, the bathing medium was exchanged rapidly
for a solution of 1.0% glutaraldehyde in SM (420 + 5
mOsm). Following seven to ten minutes of fixation in
situ, the tubule segment was removed carefully from
the pipets and transferred into 2 ml of glutaraldehyde
solution for an additional period of not less than
three hours. Subsequently, the tissue was washed in
sucrose-phosphate buffer, postfixed in 2% osmium
tetroxide solution for 15 mm, dehydrated in graded
alcohols and embedded in epoxy resin by standard
procedures. Single tubules were oriented parallel to
the long axis of each Epon block. An ultramicrotome
(LKB) was used to obtain multiple ultrathin sections
from each of two to three different levels in the tu-
bule. These sections were mounted on 200-mesh grids,
strained with uranyl acetate and lead citrate and
examined in an electron microscope (Philips 300).
When viewed in the electron mictoscope, tubule
sections were selected for photography and further
analysis on the basis of the following criteria: (a)
patent lumen, (b) intact brush border, (c) normal
cytoplasmic architecture as judged by comparison to
previously published material from the rabit [14-16]
and (d) more than 50% of the tubule circumference
not obstructed by grid bars or artifact. Sections also
were excluded if the ratio of greatest to least outer
radius (a/b) was greater than 1.5 for basically circu-
lar, "transverse" sections, or less than 5.0 for
"longitudinal" sections. Suitable tubules were photo-
graphed at Xl920 and printed at a final magnifi-
cation of X4800. At this final magnification an entire
tubule cross-section could be contained easily in a
single 8 X 10 inch print. Photographs of the same
tubule were considered to be different if the nuclei
varied in number or varied markedly in shape.
Morphometric analysis, To obtain a quantita-
tive evaluation of cellular dimensions in the photo-
graphed tubule sections, a statistical, intercept count-
ing technique was employed. The technique has been
described in detail by Smith and Guttmann [17] and
has been used previously in this laboratory to esti-
mate the relative and absolute surface areas of brush
border and lateral cell walls in epithelium of the
rabbit proximal nephron [11]. It has been applied as
well in a variety of other circumstances [18]. Briefly,
the length of short tortuous or random object lines
(e.g., intercellular channels) in a photographed sam-
pling area (e.g., tubule wall) is proportional to the
number of intersections between those object lines
and a superimposed set of parallel test lines of known
length and distance of separation. If the object lines
represent profile cuts of a surface structure (e.g., lat-
eral cell wall), the area of that surface per unit vol-
ume of tissue, i.e., the membrane surface concentra-
tion S, also can be estimated. In practice, a trans-
parent overlay marked with a grid pattern of thin
perpendicular and parallel lines was fixed to each
tubule photograph. The S of lateral cell walls in the
section then was calculated using the following equa-
tion:
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Sv=(irCD/2)(1 /LD)(M/ I000)(4/ir)(2) =CM/250L, (1)
where C is the number of intersections between inter-
cellular channels and the test lines, L is the total
length of test line traversing the tubule image, D is
the distance of separation of parallel test lines and M
is the final magnification of the photographic print.
The term irCD/2 is the length of intercellular channel
profile and, when multiplied by l/LD, is the length of
channel in mm/mm2 of photographed area. The term
4/n- is used to convert length per area to area volume
[17]. M/l000 converts mm to tm so that S is in units
ofi2/t3. The final multiplication by 2 arises from the
fact that the object lines counted in the photographs
are intercellular channels faced by 2 lateral cell walls.
The length of the tubule basement membrane, LBM,
was calculated using the equation LBM = irC'D/2
(equation 2) where C' is the number of line inter-
sections with that membrane.
In the study of circular tubule sections (a/b < 1.5),
a line was drawn through the center of the tubule
lumen and only one-half the tubule circumference
was analyzed. Test lines of the grid then were orien-
ted parallel and perpendicular to that center line. In
longitudinal sections (a/b > 5) grid lines were made
to cross the tubule basement membrane at an arbi-
trary angle or, for test purposes, at angles of approxi-
mately 19° and 45°. All parallel grid lines were sepa-
rated by a distance D of 2.56 mm and 35 to 90 lines
crossed the tubule image in each direction.
Estimation of epithelial area. The area of the photo-
graphed tubule wall was calculated using a linear
integration technique [18] in which the total length L
of all parallel test lines within the cell boundaries is
measured with a millimeter ruler and that total length
is multiplied by the distance D between the lines. In
longitudinal tubule sections, L was measured directly.
In circular sections it was found more convenient
to measure all parallel lines lying interior to the
tubule basement membrane (L0) and to subtract
from that total the measured line within the tubule
lumen (L1). By this means, the area of the tubule
lumen also could be calculated conveniently from
L1D and, by assuming that the tubule sections are
truly circular, the outer and inner diameters of the
tubule, O,D. and I.D., could be calculated from the
equations O.D. = 2/Tn- and I.D. = 2/t7
(equations 3 and 4). In all of these studies the lumen
is defined as that area central to the base of the brush
border microvilli. Cell heights, (O.D. — I.D.)/2, and
epithelial areas thus do not include brush border.
Lateral wall areas. The wall of each photographed
tubule was divided by thin lines into five parallel or
concentric zones of equal thickness. That zone adja-
cent to the base of the brush border microvilli is
designated Z1, that zone immediately interior to base-
ment membrane is Z5 and the total of all zones, i.e.,
the entire tubule wall, is ZT. From the sum of all
intersections in all zones and the total length of grid
lines traversing cells, the surface concentration S of
lateral cell walls in ZT was calculated directly using
equation 1. To calculate 5v in individual zones Z1 to
Z, the length of test line in each zone was calculated
first. For longitudinal sections these lengths are sim-
ply total length divided by 5. For transverse sections,
again taken to be truly circular, the outer and inner
radii of each zone were calculated from the O.D. and
I.D. of the entire wall. Length of test line in each zone
(Lx) is the area of that zone divided by D and can be
calculated from the equation, L = lr(r02 — r12)/D
(equation 4), where r0 is the outer radius of a given
zone and r1 is the inner radius of that zone. S per
zone then was calculated using equation 1 in which L
= L.
Data were evaluated by Student's t test and are
expressed as mean SEM. P values less than 0.05 are
considered to be significant.
Results
The general morphologic features of the perfused
tubules were similar to those observed previously in
the rabbit [15, 16]. Three to five different photo-
graphs were suitable for study in each of 18 PCT and
8 PST. Eighty photographs were of transverse sec-
tions in which, for both tubule segments, the mean
a/b ratio was 1.17 (range, 1.00 to 1.42). A range of
oblique cuts, to a maximum of 45°, thus was ob-
tained.
An additional 28 photographs were of longitudinal
sections. In ten of these the basement membrane
approximated a straight line. Except for curvature,
no differences between the transverse and longitudi-
nal sections were apparent in six PCT and four PST
in which both planes of section were available.
Tests for randomness and circular geometry. The
accuracy of the intercept counting technique depends
heavily on the random orientation of the object lines.
This randomness is assured partly by the use of semi-
circular tissue sections, many of which were cut ob-
liquely, and by the counting of intercepts with two
perpendicular sets of test lines [18]. However, two
different tests for randomness were performed. First,
it was assumed that the basement membrane is the
least random of the tubule structures. The length of
basement membrane calculated by equation 2 then
was compared to the length of that membrane meas-
ured directly using a micrometer scale or map meas-
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uring device. In 24 photographs of transverse and
longitudinal sections, the difference between paired
direct and indirect measurements was 1.6 1.2% and
well within acceptable limits. Second, in longitudinal
tissue sections in which the basement membrane was
nearly straight, channel length was calculated using
two different grid orientations. Theoretically, if the
channels are nonrandom and oriented perpendicular
to a straight basement membrane, their true length is
given by the intercept counting technique only if the
square grid is rotated 19° from the basement mem-
brane [19]. A maximum error is introduced by a grid
orientation of 450 If channel length calculations are
the same with the two grid orientations, the channels
may be assumed to be random within the error of the
technique. In comparisons in eight photographs
paired differences were not statistically different from
zero. Thus, the angle of grid orientation may be
arbitrary.
The validity of assuming truly circular tubular
geometry in certain calculations was confirmed by
comparing direct measurements of basement mem-
brane length with tubular circumferences calculated
from the measured tubule areas. In 16 photographs
paired measurements differed by 1.5 0.4%. Though
statistically significant, the small difference is consid-
ered to be unimportant.
Proximal convoluted tubules. The mean area of pho-
tographed PCT was 7480 mm2 (325z2 of cell area).
In each photograph an average of 40 intersections
were counted in Z1, 72 in Z2, 127 in Z8, 233 in
Z4, 653 in Z and 1128 in ZT. Because the maximal
standard error inherent in the intercept counting
technique is equal to the square root of the number of
intersections [18], average maximal errors in the fol-
lowing calculations of surface concentration S., are
greatest for Z1 (16%) and least for ZT (3%).
Twelve PCT were perfused at a transtubular hy-
drostatic pressure of 10 cm H20. In eight of these
studies (group A), the bathing solution was rabbit
serum (RS) with a protein concentration of approxi-
mately 60 g/Iiter. In four other studies (group B), the
bath was standard medium (SM) containing 5% RS
(final protein concentration, 3 g/liter). Results of the
morphometric analyses are shown in Tables I and 2.
For each zone in each tubule, the S are expressed as
the mean SEM for the number of photographs
examined. When the mean S for all tubules in group
A are compared with those for group B, the diffe-
rences in the respective zones and in the entire wall
are not significantly different from zero (P > 0.3).
The values for S in ZT are similar to those reported
previously [11].
Si PCT were bathed in RS and perfused at 20 cm
H20 (group C). The results are shown in Table 3.
Mean S in Z1, Z3, Z4, Z5 and ZT of this group do not
differ significantly from those of the respective zones
in group A (P > 0.2). The difference in Z2 is statis-
tically significant (P < 0.05). However, the absolute
difference in Z2, 12%, is not greater than the error of
the intercept counting technique.
Proximal straight tubules. The mean area of photo-
graphed PST was 5302 mm2 (230t2 of cell area). In
each photograph an average of 21 intersections was
counted in Z1, 24 in Z2, 33 in Z3, 69 in Z4, 456 in Z5
and 606 in ZT. The standard errors inherent in the
following S calculations thus are greatest in Z1
(22%) and least in ZT (4%).
Eight PST were bathed in RS and perfused at 10
cm H20 (group D). The results are shown in Table 4.
Differences between mean S., in Z1, Z2, Z3, Z4, and ZT
of group D and the respective zones of group A are
highly significant (P < 0.025). However, differences
in S in Z5 are not significant (P > 0.4).
Tubule dimensions. Outer (O.D.) and inner (I.D.)
diameters of the tubule segments were calculated
from the luminal and total areas by use of equations 3
and 4. In Table 5 the results for groups C and D are
compared with those for group A. Neither the O.D.
nor the ID. of groups C and D differ significantly
from the respective values in group A. However, the
expected tendency for tubules at higher transmural
Table 1. S, PCT in RS, P,, = 10 cm H20 (group A)
Exp. (N) Z2/3 Z22/3 Z32/3 Z4M2/L3 Z52/3
ZT
Z//3
23
24
25
26
54
56
58
60
(4)
(5)
(4)
(4)
(4)
(4)
(3)
(4)
0.89 + 0.07
0.50 0.05
0.81 0.09
1.06 + 0.25
1.00 + 0.22
1.02 + 0.11
0.66 0.07
0.86 0.04
1.32 + 0.11
0.79 + 0.10
2.09 + 0.08
1.45 + 0.22
1.90 0.43
2.20 + 0.19
1.40 + 0.15
1.33 0.09
1.85 0.14
1.61 0.12
3.11 0.08
1.95 0.22
2.84 0.67
3.81 + 0.61
1.88 0.27
2.15 + 0.30
2.70 0.26
3.14 0.39
4.38 0.18
3.96 + 0.51
4.56 0.48
5.72 0.68
2.8! + 0.21
3.21 0.18
8.01 + 0.15
9.98 + 0.60
10.43 0.30
9.40 0.63
8.64 + 0.22
10.48 1.01
8.87 0.55
8.02 0.39
3.24 + 0.14
3.45 0.19
4.66 0.14
3.72 + 0.3!
4.10 + 0.32
4.94 + 0.52
3.34 0.13
3.36 + 0.10
Mean + SEM 0.85 + 0.07 1.56 + 0.17 2.40 + 0.27 3.8! 0.37 9.22 0.35 3.85 0.23
a In this and subsequent tables, N is the number of photographs examined per tubule.
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Table 2. St,, PCT in SM, Pa = 10 cm H20 (group B)
Exp. (N) Z12/3 Z22/3 Z32/3 Z4 Z2/3 ZT2/8
39
67
68
69
Mean
(5)
(3)
(4)
(4)
+ SEM
0.85 + 0.10
0.82 + 0.11
0.46 0.02
0.79 + 0.05
0.73 + 0.09
1.07 + 0.06
2.37 0.42
0.92 0.05
0.83 0.06
1.30 0.36
1.44 + 0.04
4.00 0.18
1.72 0.14
2.02 + 0.18
2.30 + 0.58
2.55 0.25
6.58 0.55
3.36 0.18
3.82 0.13
4.08 0.87
8.41 + 0.43
10.13 0.92
10.20 0.17
10.04 + 0.09
9.70 0.43
3.05 0.10
5.05 0.26
3.67 0.09
3.86 0.08
3.91 0.42
pressures (20 cm H20 in group C) to be somewhat
larger than tubules at lower pressures (10 cm H20 in
group A) [13] is apparent from the statistical values.
The absolute diameter values listed and the failure to
observe the previously reported differences in size
between PCT and PST [13] presumably reflect a natu-
ral variability in tubule diameters.
Cell shape and dimensions. Because the tubules
studied did not differ markedly in their dimensions, it
was convenient to model cellular anatomy in terms of
a standard tubule. For this purpose, both PCT and
PST were considered to have the average diameters
O.D. = 4Ot and I.D. = so that each cellular zone
has a height of 1.5g. The number of cells per millime-
ter of the standard tubule was selected to be 825, a
figure based on a reasonable estimate of eight cells
per tubule circumference [20] and the assumptions
that all cells are equal in size and maximally packed
in hexagonal array.
The mean S values in each of the five cellular
zones were multiplied by the cellular volumes ig those
zones in the standard tubule and divided by the esti-
mated number of cells per mm of tubule length. By
this procedure, the lateral wall areas in each zone of
an average, individual cell could be calculated (Table
6). PCT and PST cells are found to be in the shape of
truncated horns and to have approximately equal
areas in Z5. However, the luminal four-fifths of the
two cells differ markedly. The lateral areas in zones 1
through 4 of PCT cells account for 44.2% of total
area while those zones in PST cells account for only
22.8%
If the lateral surface areas per zone of the standard
1-mm tubule are divided by the height of each zone,
the results are the total lengths/mm/zone of radially
oriented lateral cell wall surfaces, In Z1, this length
is approximately twice that of the tight junction
complex. If these lengths/mm/zone are divided, in
turn, by the number of cells/mm of tubule length,
the peripheral dimensions (circumferences, length/
cell) of individual cells are obtained. The results of
these cell dimension calculations also are summarized
in Table 6. Only groups A and D are considered
there. However, as can be seen from the data of
Tables 2 and 3, results for groups B and C would
be similar to those listed. In Fig. 1 the cell circum-
ferences per zone in PCT and PST are plotted on a
semi-logarithmic scale. Circumferences of zones 1
through 4 of PCT cells lie near to a straight line
and the luminal four-fifths of those cells thus are
in the shape of truncated exponential horns. This is
not true for the PST cells.
Discussion
In currently accepted models for transepithelial
volume flow in the proximal nephron, a major por-
tion of the absorbate traverses the tubule wall by
gaining access to thin channels between adjacent epi-
thelial cells. To evaluate flow dynamics within these
intercellular channels, and thus possibly to obtain
new insight into the overall transport process, it is
necessary first to define quantitatively the shape of
the channels. To accomplish this, the cellular dimen-
sions in electron photomicrographs of the rabbit prox-
imal convoluted tubule (PCT) and proximal straight
tubule (PST) have been calculated by using a statis-
tical, intercept counting technique.
In agreement with earlier work [11, 21], the present
Table 3. S,, PCT in RS, PA = 20 cm H20 (group C)
Exp. (N) Z1
/L2/L3
Z22/3 Z32/3 Z42/3
Z52/3 ZT/2//3
38 (5) 0.65 + 0.10 0.76 + 0.15 1.02 + 0.19 2.82 0.38 11.39 + 0.34 3.57 0.17
40 (4) 1.14 + 0.20 1.36 0.21 1.58 0.23 2.89 + 0.24 11.22 0.58 3.79 0.26
43 (3) 0.62 + 0,10 1.08 + 0.35 1.80 + 0.44 3.79 0.45 10.22 + 0.89 3.73 + 0.43
47 (4) 0.63 0.09 1.22 + 0.14 2.3! 0.10 3.3! + 0.26 7.70 + 0.42 3.24 0.10
49 (5) 0.60 + 0.15 0.90 + 0.18 1.67 0.31 3.2! + 0.26 10.84 0.62 3.56 + 0.20
61
Mean
(4)
SEM
0.61 + 0.17
0.71 0.09
1.36 0.26
1.11 + 0.10
3.04 + 0.30
1.90 + 0.28
5.56 0.11
3.60 0.42
8.77 0.33
!0M2 0.60
4.15 0.07
3.68 0.12
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Table 4. S, PST in RS, P = 10 cm H20 (group D)
Exp. (N) Z12/3 Z22/3 Z32/M3 Z42/M' Z5/2'/ Zr2/
27 (4) 0,88 + 0.13 0.85 + 0.16 1.30 0.27 2.86 0.44 14.59 1.49 4.32 0.35
28 (4) 0.70 + 0.18 0.53 0.07 0.53 + 0.08 1.3! + 0.15 10.70 0.53 2.99 0.08
29 (4) 0.31 + 0.06 0.44 0.10 0.55 0.08 1.06 0.14 8.32 0.25 2.32 0.05
30 (5) 0.62 0.11 0.44 + 0.07 0.43 0.08 0.90 0.07 6.58 + 0.54 1.90 0.12
31 (3) 0.57 0.08 0.67 + 0.11 0.61 0.09 1.19 + 0.3! 10.50 0.92 2.86 + 0.18
33 (4) 0.40 + 0.07 0.64 + 0.10 0.98 0.06 2.80 0.19 11.43 0.55 3.35 + 0.12
59 (4) 0.49 0.05 0.65 0.06 0.85 + 0.07 1.58 + 0.12 8.98 0.30 2.84 0.03
62 (5) 0.58 0.09 0.61 + 0.10 0.86 0.17 1.53 + 0.20 8.53 0.33 2.66 0.17
Mean SCM 0.57 + 0.06 0.60 0.05 0.76 0.10 1.56 + 0.23 9.95 0.86 2.90 + 0.25
findings indicate that the lateral cell wall area in PCT
and PST is quite large relative to the outer surface of
the tubule itself. In groups of tubules perfused in
rabbit serum and at a physiologic transmural pres-
sure of 10 cm H20 (groups A and D), total lateral
wall area is 3.8 + 0.2 2/3 in PCT and is 2.9 0.3
2/3 in PST. When one uses the average dimensions
of the tubules studied (Table 5), these total wall areas
are equivalent to 28.8 X l0'z2/mm length of PCT and
15.0 X l0''/mm length of PST. The lateral areas
thus are 22.5- and 12.5-fold greater, respectively, than
the areas of the tubule basement membranes in the
two segments. If, for purposes of comparison, the
tubule segments are normalized such that each has an
O.D. = 40 and ID. = 25i, the lateral area values
become 29.5 )< 10'p'/mm for PCT and 22.2 X
10z'/mm for PST. The increases in lateral vs. base-
ment membrane areas become 23.0 and 18.5. It has
been shown previously [11] that the mean area of the
basal surface of the epithelial cells, i.e., those cell
membranes lying generally parallel with and attached
to the basement membrane, is 86.8% of basement
membrane area in PCT and 89.3% in PST.
Effects of hydrostatic and onco tic pressure differ-
ence. The possible effects on cellular anatomy of
changes in transtubular hydrostatic pressure and per-
itubular protein concentration were studied for sev-
eral reasons. First, in numerous reported studies of
function in proximal nephron in vivo and in vitro, the
transtubular hydrostatic pressure and protein con-
centration differences have not been measured or
have been made to vary over considerable ranges. In
terms of possible correlations between structure and
function, it therefore is important to study the effects
of hydrostatic and oncotic forces on cellular anat-
omy. Second, changes in transtubular driving forces
should change transtubular volume flow by virtue of
the low but significant hydraulic conductivity of the
tubule wall [22, 23]. If this increased flow occurs via
intercellular channels, changes in the shape of those
channels might be expected. Third, in paired studies
on the same rabbit nephron segment, an increase in
transmural hydrostatic pressure from 10 to 20 cm
H,O causes an increase in outer tubule diameter and
tubule length {13]. If, as expected, the cellular volume
in such enlarging tubules is constant, there occurs a
moderate decrease in cell height, a slight increase in
the relative volume of the luminal half of the tubule
wall and a slight decrease in the relative volume of the
antiluminal half of the tubule wall.' Concomitant,
related effects on lateral wall area, channel shape and
possibly also flow dynamics in the channel might thus
be expected to occur when transmural pressure is
increased. Fourth, changes in peritubular protein
concentration and transtubular oncotic force similar
to those employed here are known to cause large
changes in transtubular volume flow [24, 25]. This is
in contrast to the relatively minor effects of theo-
In a ring of constant area, the ratio of the area (A) of the outer
half of that ring is related to the total area (AT) of the ring by the
equation, A/AT = (3r0 + r1)/4(r0 + r1), where r0 and r1 are the
Outer and inner radii of the ring. A/AT varies from 0.75 at r1 0
to 0.5 at r1 r0 , Thus, if a tubule having the diameters ID.
= 25s and O.D. = 40M is enlarged so that O.D. = 42s, the cell
height decreases 6.7% and the relative volume of the outer half of
the tubule decreases from 55.5 to 54.8% of the total wall volume.
In a five-zone tubule of these dimensions, the greatest decrease in
relative volume is in Z5 (—0.5%) and the greatest increase in Z1
(+0.5%). Z, is constant. The changes are somewhat greater if the
tubule length also increases.
Table 5. Tubule diameters
PCT PST
Group DGroup A Group C
L L L
O.D. 40.6 0.9 41.4 + 1.! (P>0.5) 38.3 1.4 (P>0.l)
ID. 26.4 1.3 29.8 1.1 (0.1> P >0.05) 28.4 2.0 (P>0.4)
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Table 6. Cell arca and circumference
Volume/
mm
PCT (group A) PST (group D)
S Area/mm Area/ Length/mm
celP'
Length/
cell2
S Area/mm Area/cell Length/mm Length/
cell
Zone >< l0 /22//23 /22 >< l0 /22 X l0 /22//42 /12 X l0 /12 X l0 /1
1 1.25 0.89 1.06 128 0.71 87 + 7 0.57 0.71 86 0.47 58 62 1.39 1.56 2.17 262 1.44 187 + 20 0.60 0.83 101 0.56 69 5
3 1.53 2.40 3.67 445 2.45 300 34 0.76 1.16 141 0.78 96 134 1.67 3.81 6.36 771 4.24 520 + 50 1.56 2.61 316 1.76 215 32
5 1.81 9.23 16.71 2025 11.14 1367 52 9.95 18.01 2183 12.00 1474 + 128T 7.66 3.85 29.49 3575 2.90 22.21 2827
Calculations based on standard tubule, O.D. = 40/1, ID. = 25/2.
Areas and lengths per cell calculated on basis of 825 cells/mm of tubule length.
Cell circumferences, mean SEM. SEM is calculated from data of Tables I and 4.
retically comparable change in driving force caused
by hydrostatic pressure difference. It might be that
changes in oncotic force have different or more
marked effects on cellular anatomy than do hydro-
static forces.
When PCT perfused at 10 and 20 cm H20 are
compared, the differences in S in the successive
zones are small and only those in Z2 are statistically
significant. Therefore, the geometric considerations
mentioned above are of little practical importance.
PCT perfused in media containing 60 or 3 g/liter of
protein also do not differ significantly. The markedly
different effects on transtubular flow caused by com-
parable changes in hydrostatic and oncotic force thus
cannot be explained in terms of markedly different
effects on cellular anatomy. It should be noted, how-
ever, that changes may have occurred in anatomic
features not measured. Of particular interest in this
regard is the report by Tisher and Kokko [16]. In
rabbit PCT studied under conditions similar to those
employed here, those authors observed a direct rela-
tionship between intercellular channel width and the
protein concentration of the peritubular bathing me-
dium.
The failure of the experimental maneuvers em-
ployed in these studies to cause large changes in
cellular anatomy is important in that much pre-
viously published functional data from the proximal
nephron now may be used with confidence in struc-
ture-function correlations. Furthermore, technically
less difficult procedures now may be used in the study
of renal cellular anatomy. For example, numerous
proximal tubules in a single kidney fixed by intravital
perfusion or drip procedure may be analyzed with
confident knowledge that the unknown and presum-
ably changing hydrostatic and oncotic transtubular
forces in that kidney have little effect on the anatomic
features studied here.
Cell shapes. Several authors have commented on
the quantitative morphologic differences encountered
in the proximal nephron [5]. In association with pre-
viously published data from this laboratory [11], the
present morphometric study of PCI and PST pro-
vides the basis for a quantitative evaluation of cellu-
lar dimensions. To summarize, the cells of PCT differ
from those of PSI principally in the abolute surface
areas (PCT/PST = 2.4) and shapes in zones 1
through 4. The segments differ to lesser degree in
total brush border and lateral wall areas (PCT/PST
= 1.3) and are similar in the wall areas in Z5
(PCI/PSI = 1.08), in total cell height and in the
density of brush border microvilli.
Cell model. The cell areas and peripheries per zone
indicate that PCI and PST cells are in the general
shape of truncated horns. However, in no plane par-
allel with the lumen or basement membrane may
these cells be visualized simply as hexagons or as
more simple, closely packing geometric shapes. Such
shapes would not be consistent with either the com-
plex channel patterns seen by electron microscopy [4]
or with the necessity to pack eight cells in each
tubule circumference.2
Although the exact manner in which the cell pe-
riphery is increased over that of hexagons is not
known, certain available information is relevant. For
example, because no differences in cell architecture
are apparent between longitudinal and transverse sec-
tions, the cells must be relatively symmetric. Further-
more, if the cell is to be drawn as a stellate form with
radiating processes, those processes cannot extend
into adjacent cells further than the nuclei of those
cells (limited usually to zones 2 through 4), must
2 Each cell of a standard tubule might be modeled initially as a
truncated pyramid with the luminal cell surface being an equila-
teral hexagon and the cell base being a hexagon sufficiently elon-
gated to account for the increased tubule circumference at the
basement membrane. In that case, the circumferences at the mid-
points of the five successive cellular zones are calculated to be 35,
40, 44, 48 and 52/1. From the data of Table 6, these circumferences
are too small by factors ranging from 2 in Z1 to approximately 30
in Z5
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succeeding zone. Although an attempt has been made
to keep all cells symmetrical and similar in shape, the
shape of any given process is arbitrary within the
limits stated above. It should be pointed out, how-
ever, that certain other shapes would be less likely or
impractical. For example, the series was begun by
drawing Z1 cells with three minor processes on each
of the six cell faces. With fewer processes the cell
shape would deviate markedly from a basic hex-
agonal outline. With a greater number of processes,
the reasonable interlocking of cells would have be-
come difficult to achieve in subsequent zones and the
continuous elongation and division required to in-
crease the cell periphery in those deeper zones would
have resulted in a very large number of extremely
long and narrow cellular extensions. Many of those
extensions would be narrower than either the mito-
chondria or the estimated width of the basal villi.
It was relatively easy to increase the peripheral
dimensions from Z1 to Z4 by smooth elongations and
divisions of the cellular processes. The continuation
generally extend to the center of adjacent cells in Z5,
must be sufficiently wide at all points in zones 2
through 4 to accommodate mitochondria 0.2 to 0.Sit
in width [5] and must interlock with the processes of
other cells in a possible and continuous fashion. If the
processes in each zone also are smoothly continuous
with processes in the preceding and succeeding zones,
the whole pattern must be continuous with a basically
hexagonal shape seen occasionally at the luminal sur-
face in perfused tubules and in scanning electron
micrographs [8,26]. It also must be continuous with a
pattern of multiple, branching or tortuous fine proc-
esses at the basal surface [27]. Each of these fine basal
villi can be estimated from published micrographs to
be approximately 0.1 to O.4s in width. Information of
this type has been used previously as the basis for
qualitative cell models [3-5]. It now can be used in
conjunction with the data of Table 6 to construct a
more quantitative cell model.
In Fig. 2, PSI cells are depicted on the left, PCT
cells on the right. Z1 is at the top of each series. Each
cell is drawn to conform generally to a hexagonal
background pattern at the midpoint of the successive
cellular zones. The original scale was 0.5 cm = l and
the periphery of the top-right cell in each group was
measured directly by bending fine chain of known
length to conform to the outline. For zones 1 through
4, the peripheral lengths differ from those listed in
Table 6 by no more than 3%. To maintain continuity
in the shape of processes between zones, a process
appearing in any zone is elongated smoothly and/or
divided dichotomously to become the process of the
a)0
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Distance from apical cell surface, i
Fig. I. Semi-logarithmic plot of ce/I circumferences vs. radial dis-
tance from apical cell surface. PCT, closed circles; PST, open circles.
Mean + SCM.
Fig. 2. Outlines of PST (left) and PCT (right) at midpoints of zones
I (top) through 5 (bottom). Zone 5 fine structure is shown in Fig. 3.
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of those patterns into Z5 of the PCT cell, however,
resulted in a shape which had neither the proper
circumference (850z rather than l367fz) nor the com-
plex branching pattern expected for basal villi. While
more latitude was possible in the PST cell, the shape
was made similar to that of the PCT and the pe-
riphery in Z5 was drawn to be approximately 380g. It
might be suggested, therefore, that the cellular archi-
tecture in Z5 represents not only a continuation of
previously established cell process shapes but also the
appearance of a new fine structure. For PCT cells,
this possibility is consistent with the shape of the
exponential curve in Fig. 1. The peripheries in zones 1
through 4 and the projected 850k periphery in Z5 lie
approximately on a straight line. Deviation from the
line in Z5 represents the new fine structure.
While the exact nature of the fine structure pro-
posed to exist in Z5 also is not known, the number of
possibilities is restricted by the requirement for mul-
tiple, branching or tortuous, narrow processes. New
dichotomous divisions in the terminal portions of Z4
processes, for example, would produce a pattern con-
taining predominantly long, continuous processes
and thus is inappropriate. As a suitable architectural
modification, a pattern of transverse pleating or
wrinkling in Z4 processes has been selected because:
(a) it produces the required villous dimensions and
appearance, (b) it has been employed in previous
models and (c) it resembles the pattern produced by
the terminal foot processes of glomerular epithelial
cells [8, 26]. This similarity between glomerular and
tubular cells has been suggested previously [1] and is
attractive in view of the close embryologic relation-
ship between the two epithelial cell types. An example
of the proposed transverse pleating in Z5 cellular
processes is depicted in Fig. 3.
To obtain a three-dimensional representation of
single cells, sheets of modeling clay were rolled to a
thickness of 0.375 cm (scale, 0.5 cm = liz) and cut to
Fig. 3. Hypothetical fine structure in representative portion of PCT
in zone 5. A similar pattern is proposed for PST in zone 5.
Fig. 4. Three-dimensional representations of PCT cell (top) and PST
cell (bottom).
match cellular outlines at the midpoints of cellular
zones (Fig. 2) and outlines at the margins between
successive zones. The ten clay sheets then were bent
to the appropriate radii, stacked in sequence and
smoothed. Photographs of the resulting models were
the basis for the drawings in Fig. 4. The processes in
Z5 are shown to be pleated as in Fig. 3. In scale each
cell is 7.5t in height, exclusive of brush border.
Height of brush border for the PCT cell (top) is 2.8t
and for the PST cell (bottom) is l.6z [11]. Except for
its quantitative aspects, the PCT cell model is similar
to several of the others reported previously. To our
knowledge, no other models for cells of the middle
portion of the PST have been published.
Shape of intercellular channels. In isolated rabbit
PCT perfused in rabbit serum, the distance separat-
ing lateral cell walls in intercellular channels is ap-
proximately 333 A [16]. The other major dimensions
of the channel follow directly from the cellular di-
mensions, namely, the circumferences of the channel
are equal to the cell circumferences listed in Table 6
and increase as shown in Fig. 1. The channels thus
are comparable in shape to the space between con-
centric, truncated horns whose radii differ at all
points by 333 A. It should be noted, however, that the
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horns are markedly pleated in a plane parallel to the
basement membrane and have cross-sectional shapes
similar to the cell outlines in Figs. 2 and 3. For this
reason, the average height of the channels, from base-
ment membrane to tubule lumen, is approximately
equal to the average cell height.
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